Surface properties and electrical charges are critical factors elucidating cell interactions on biomaterial surfaces. The surface potential distribution and the nanoscopic and microscopic surface elasticity of organic polypyrrole-hyaluronic acid (PPy-HA) were studied by atomic force microscopy (AFM) in a fluid environment in order to explain the observed enhancement in the attachment of human adipose stem cells on positively charged PPy-HA films. The electrostatic force between the AFM tip and a charged PPy-HA surface, the tip-sample adhesion force, and elastic moduli were estimated from the AFM force curves, and the data were fitted to electrostatic double-layer and elastic contact models. The surface potential of the charged and dried PPy-HA films was assessed with Kelvin probe force microscopy (KPFM), and the KPFM data were correlated to the fluid AFM data. The surface charge distribution and elasticity were both found to correlate well with the nodular morphology of PPy-HA and to be sensitive to the electrochemical charging conditions. Furthermore, a significant change in the adhesion was detected when the surface was electrochemically charged positive. The results highlight the potential of positively charged PPy-HA as a coating material to enhance the stem cell response in tissue-engineering scaffolds. 2013 American Chemical Society. films. The electrostatic force between the AFM tip and a charged PPy-HA surface, the tipsample adhesion force and elastic moduli were estimated from the AFM force curves and the data fitted to electrostatic double layer and elastic contact models. Surface potential of the charged and dried PPy-HA films was assessed with Kelvin probe force microscopy (KPFM) and the KPFM data correlated to the fluid AFM data. The surface charge distribution and elasticity were both found to correlate well with the nodular morphology of PPy-HA and to be sensitive to the electrochemical charging conditions. Furthermore, a significant change in the adhesion was detected when the surface was electrochemically charged positive. The results highlight the potential of positively charged PPy-HA as a coating material to enhance stem cell response in tissue engineering scaffolds.
Introduction
Polypyrrole (PPy) is a prototype of electroactive organic p-type semiconductor that is widely applied as a surface coating on a range of metallic conductors and insulative biomaterials such as tissue engineering scaffolds. 1 The electroactivity of PPy stems from the property of the neutral and electrically insulating PPy 0 chains becoming positively charged (polaronic PPy+) and electronically conductive when oxidized in electrolytes. The charge of the PPy+ backbone is always compensated by negatively charged species, called dopants, or ions from the surrounding electrolyte. Any excess surface charge of electrochemically charged polypyrrole is not only dependent on the bulk doping charge of the polymer but also on the surface chemistry in the electrolyte. Factors such as the mobility of the dopants and properties of the electrolyte solution, e.g. salt concentration and pH, are involved in the surface chemistry. 2 We have previously reported that PPy doped with Hyaluronic Acid (HA) show potential as a substrate material for supporting the growth of human adipose stem cells (hASC). 3 HA is an extracellular matrix polysaccharide that has widely been studied as a biocompatible polymeric dopant of polypyrrole. It is an extremely hydrophilic anionic polymer that renders the polymer (i.e. PPy-HA) very hydrophilic, and under certain synthetic conditions, a soft polymer with the Young's modulus in the range of megapascals can be produced. According to its charging state, PPy-HA may reversibly absorb salt and water from the surrounding electrolyte, a process that contributes to the elasticity of the polymer surface. 4 Serra Moreno et al. 5 have studied the effects of synthesis parameters of polysaccharide doped PPy, including the effect of their surface roughness, on osteoblast adhesion and proliferation. Their findings suggest that smooth surfaces allow the best adhesion of osteoblasts on electropolymerized films. A similar PPy-HA coating has been recently designed to inhibit unwanted adhesion of astrocytes and fibroblasts onto neural probes. 6 Cell interactions with PPy-HA coated surfaces are likely to depend not only on the specific chemistry of the dopant type but also on other physical surfaces properties (modulus, surface potential, morphology) which are influenced by the presence of the dopant and parameters (e.g. polymerization charge of polymer growth) used to synthesize the polymer. 7, 8 However, there are still gaps in the fundamental understanding of cell-surface interactions at the single molecular (atomic and nanoscopic) level and micron scales related to processes involving initial cell attachment, spreading and adhesion. Therefore, the role of the interface and its various surface properties, including nanoscale and microscale surface roughness, elasticity and electrical charges, need further elucidation in order to fully understand cell interactions on biomaterials. This is particularly the case given the ongoing emergence of new and diverse biomaterials, including electroactive polymers that are continually under development due to their easy modification, functionalization and doping with biological constituents (e.g. microscopy (AFM) measurements in fluid yield "effective" nanoscopic information on the surface charge/potential based on Gouy-Chapman-Stern (GCS) treatment of the diffuse electrical double layer, whereas electrokinetic measurements yield information of the averaged surface zeta-potential, which by definition are different quantities. Both of these parameters have been used to describe the attachment of charged biopolymers and cells on biomaterials, but neither can be directly deduced from the electrochemical (bulk or surface) charge injected into the biomaterial and/or the properties of the physiological electrolyte. As there is no universally applicable theory available linking the electrochemical charge and the effective surface charge and -potential, they must be determined using some probing technique, such as AFM. 11 Hence, the role of the surface charge in adhesion of biopolymers in biological environments, in particular for electroactive polymers on the nanoscale, has remained difficult to directly quantify and their effects on biological interactions unclear.
The significance of gaining an improved understanding of nanoscale surface forces is evident from the mechanisms of cell attachment and spreading that require the initial adsorption of ECM proteins followed by the application of piconewton, or even nanonewton, forces to the substrate via focal adhesion complexes, all of which are also influenced by the elastic response of the substrate. [12] [13] Emerging evidence suggests that the mechanochemical response originating from the cell-substrate interactions is specific to cell phenotype, the understanding of which has already been utilized to great effect in the differentiation and sorting of cell types 12 and could also be applied to electroactive polymers through modulation of the redox surface properties.
In this study, we have utilized Kelvin force probe microscopy (KFPM) and AFM to elucidate nanoscopic lateral variations in the roughness, elasticity and surface charge across the surface of PPy-HA substrates as a function of the redox state of the polymer. In particular, we attempt to relate these variations in surface properties, in addition to the surfaces forces operating in fluid, to observed differences in human adipose stem cell (hASC) adhesion and spreading on thin potentiostatically electropolymerized and charged PPy-HA surfaces.
Materials and Methods

Polypyrrole-hyaluronic acid synthesis
Polypyrrole samples were electropolymerized onto indium tin oxide (ITO) substrates (surface and 1% penstrep (100 U/mL penicillin, 0.1 mg/mL streptomycin; Invitrogen). Corresponding
PPy-HA films grown on Au-Mylar were used in the electrical characterization.
Electrochemical charging
We examined the effect of the charged state of PPy-HA on hASCs adhesion. For charged samples, the PPy-HA films were electrochemically charged by applying +200 mV vs. Ag/AgCl reference directly before seeding hASCs and during the cell culture period (Table 1) . For uncharged samples (defined as samples where +200 mV was not applied), the as-synthesized films were connected to a reference +0 mV electrode. Therefore, both groups of samples were to set to a potential during the cell culture. For the AFM experiments, the charged and uncharged samples were identically prepared, with the charged samples being subject to the application of +200 mV vs. Ag/AgCl (0.005M NaCl) in the AFM electrochemical cell shortly before the AFM scan. The sample potential was controlled using an EDAQ EA161 potentiostat and platinum wire counter electrode immersed into the AFM electrochemical cell. During the AFM scan the sample potential was not controlled. 14-16
Cell attachment and viability
Cell attachment and viability were studied using Live/Dead staining (Invitrogen) according to the manufacturer's protocol at 3h time point. The viable cells (green fluorescence) and dead cells 
Characterization of the polypyrrole films
Kelvin force probe microscopy
For the KFPM analysis the dried samples were first immersed in dilute 0.005 M NaCl electrolyte. Subsequently, the samples were either charged (+200 mV vs. Ag/AgCl) or shortcut to the Ag-pseudo-reference electrode (0 mV vs. Ag). The samples were carefully rinsed to remove any salt solution and left to dry under ambient conditions. The surface charge distribution of the PPy-HA samples in air was measured using an Asylum MPF-3D AFM in the standard Kelvin force probe mode. Olympus OMCL-AC240TM probes with a platinum coating, cantilever spring constant of ∼2 N/m and resonance frequency of 70 kHz were used for imaging at a scan rate of 0.5 Hz. The topography of the sample area was acquired in AC-mode whilst simultaneously recording the surface potential of the polymer films. Relative differences in the surface potential across the films were obtained.
AFM force spectroscopy
AFM force-distance curves were acquired using an Asylum MPF-3D AFM in the force volume mode. The measurements were done in dilute 0.005M NaCl electrolyte in an open measurement cell at room temperature. Silver wire was used as a pseudo-reference electrode in those experiments with a biased AFM tip.
Characterization of the surface charge was done using biased (-200 mV) or neutral (0 mV) gold-coated silicon nitride tips OBL (Olympus Corp, Tokyo, Japan). The spring constant of the OBL cantilever was determined to be 0.020 N/m by the Sader method 19 and the cantilever sensitivity in the electrolyte was measured from the slope of the recorded force curves. The low concentration of salt (0.005M) was applied in order to be able to project the electrostatic interactions to long distances where they can be distinguished from hydration and steric forces.
Negative or zero bias voltage kept the tip-sample interaction in the repulsive regime indicating negative surface charge of PPy-HA. The negative surface charge was confirmed by initial testing with both positive and negative bias on the tip, of which only the negative bias resulted in repulsive interaction. A maximum applied force of 0.7 nN was kept constant for the individual curves, which were obtained at a scan rate of 300 nm/s. 32x32 force curve maps were collected for both the neutral (0 mV) and negatively biased (-200 mV) tip. To qualitatively elucidate the effect of electrostatic double layer forces on the tip-sample interaction under physiological conditions, the force curve data was fitted to two simple DLVO models. 20, 21 The DLVO fitting gave estimates on the range of the repulsion forces for comparison with the theoretically calculated double layer. In addition, the polarity and relative magnitude of the excess surface charge density (surface potential) could be estimated.
The surface elasticity was measured using platinum-iridium coated pyramidal silicon tips ANSCM-PC (Applied Nanostructures Inc., Santa Clara, CA, USA). A maximum applied force of 1-1.5 nN was kept constant for the individual curves, which were obtained at a scan rate of 300 nm/s. 64x64force curve maps were collected with a neutral (0 mV) tip. The spring constant of the ANSCM-PC cantilever was determined to be 0.034 N/m by the Sader method 19 and the cantilever sensitivity in the electrolyte was measured from the slope of the recorded force curves.
The force curves were converted to force versus indentation curves and fitted with the Hertz Model to quantify the Young's modulus. The analysis procedure was carried out using the Asylum AFM Software (Igor Pro, Wavemetrics) and according to previously described methods. 
Statistical analyses
Statistical analyses were performed using Origin Pro (Originlab Corporation, Northampton, MA, USA), version 8. The statistical significance of cell spreading data was assessed using Student's t-test and ANOVA at a significance level of 0.01. Levene's Test for equal variance and Bonferroni's post hoc correction and test for equal means were used in the ANOVA.
The significance of possible variation in the surface potential derived from the AFM force spectroscopy data was assessed by Student's t-test at a significance level of 0.05.
Results and Discussion
Cell attachment and viability
Spreading of hASCs on non-preincubated (1A and B), pre-incubated (1C and D) and either charged (1B and D) or uncharged (1A and C) PPy-HA surfaces are presented in the representative optical images (Fig.1A-D, left panel) . The majority of hASCs were uniformly adhered at the 3h time point on charged samples surfaces. However, hASCs seeded on noncharged PPy-HA surfaces were unevenly spread and many cells were incompletely attached.
Analysing the average cell areas showed that both the pre-incubation and charging influenced the cell spreading significantly ( In summary, the combined effect of pre-incubation and charging resulted in 215% increase of the hASC surface area compared to non-pre-incubated and non-charged control. Viability of the hASCs was not significantly affected by charging or the pre-incubation of the PPy surfaces, as indicated by live/dead images (Fig 1A-D, right panel) .
Therefore, a main finding from these observations is that the charged surfaces, even those not exposed to serum proteins for longer incubation times in media, promoted cell adhesion to a greater extent than uncharged samples treated under the same conditions. This suggest that the application of a positive bias of +200 mV was beneficial in promoting cell adhesion, which may have occurred by either increased adsorption of serum proteins (e.g. fibronectin, vitronectin) during pre-incubation, and/or immediately upon cell seeding and settling over 3h, or through direct electrostatic interactions with the cell membrane. 22 The effect of pre-incubation on cell attachment was not as clear as the effect of charging, although pre-incubation seemed also facilitate the cell adhesion to the polymer. with the peripheries of the nodules (brighter regions in Fig. 3B ). In contrast, the surface potential of the charged films showed a more uniform distribution of the surface potential with no clear correlation with the topography (Fig. 3D) . In some cases, it did appear that the larger nodules showed a more positive potential than the surrounding areas. These observations are confirmed also in previous studies using KPFM 23 , conductive-AFM 24 and recently by AFM phase imaging. 7, 25 Previous observations in the surface potential, conduction current and AFM phase signals showing that the application of a positive electrochemical potential largely removes this phase separation, is in accordance with the observations of this study. Many of these studies, as well as ours here, support the presence of more crystalline, heavily doped and electrically conductive parts of the PPy-HA in the nodules. In this study, we also applied a positive bias to the PPy-HA films with a moderate oxidizing potential (+200 mV vs. Ag) in the presence of a dilute saline electrolyte to avoid overoxidation of the polaronic PPy+ chain and accumulation of excess salt on the PPy-HA surface upon drying. It is likely that charge compensation by sodium and chloride ions in the dilute electrolyte would have occurred immediately and therefore the extent and role of the negatively charged HA molecules remained unclear in the PPy. We have learned from our previous X-ray fluorescence elemental analysis (unpublished data) that significant amount of chloride ions remains in the PPyHA films after rinsing with water.
Characterization
However, the PPyHA surface remained extremely hydrophilic implying that the surface exposed to the electrolyte contains significant amounts of HA fragments and/or -polymers. Nevertheless, it is possible that that ion exchange between the chloride ions and acid groups of the HA were at least partly responsible for the structural and electrical reorganization observed in this study and the preceding studies.
7,22-25
AFM Force Mapping
Force maps for the uncharged and charged samples with no potential bias applied to the tip and obtained in 5 mM NaCl are shown in Figures 4 and 5 , respectively. For the uncharged sample, the topography image gave an RMS (average) surface roughness of 23.7 nm (surface area, 1.23µm 2 ) (Fig. 4A) . As each pixel in the topography image represents a single force curve, we were able to correlate the latter with specific x-y positions on the film. The inset in figure 4B shows two force curves taken on a nodule structure (position 1) and the periphery of the nodules (Fig. 5A) , indicating that the charging of the film did not have a significant effect in the surface topography. Individual force curves on the nodules (position 1, inset from the marked region in Fig. 5A ) showed no adhesion (Fig. 5B , solid curve) but in this case adhesion was observed at the nodule periphery. This was clearly observed in the adhesion maps ( Fig. 5C ) and adhesion overlay with the topography (Fig. 5D) , which showed significantly greater adhesion (RMS 634 pN) that strongly correlated with regions of only the nodule peripheries. The charged surface had a slightly higher Young's modulus (RMS average, 5.5
MPa) than the uncharged surface though both of the surfaces showed that the nodule regions Gelmi et al. 7 obtained values of 600 -700 MPa for in phosphate buffer saline using similar AFM approaches. The large variation in the reported Young's moduli is attributable to the different polymerization methods and -reagents, especially in the origin and molecular weight of the HA.
The thickness of the PPy-HA films of this study was significantly greater than in the previous studies. 1, 5, 7, 25 The typical Young's moduli of conducting polymers, including PPy and commonly applied poly(3,4-ethylenedioxythiophene) (PEDOT), on the order of several hundred
MPa to a few GPa remains one caveat in their use as biomaterials, as there is often a modulus mismatch between the polymer and much softer target tissue (e.g. nerve, muscle). Therefore, our particularly low modulus values (2-5 MPa) are representative of more mechanically compatible conducting polymers with the values even lower than PPy doped with poly(methoxy aniline sulfonate) (PMAS) (30 MPa) whereby the PMAS introduces hydrogel-like properties and a high water content (>90%). An important conclusion that could be drawn from the above force maps is that charging of the films did not have a significant effect on the topography and Young's Modulus but clearly increased the adhesion, specifically at the nodules, between the AFM tip and polymer. By excluding the topography and Young's modulus, we suggest that the interactions (e.g. electrostatic forces) and surface properties related to increased adhesion on the charged films are likely to be responsible for increased cell spreading and adhesion on these films, as observed in Table 1 and Figure 1 .
Compared to the previous force maps, an applied bias to the tip enabled further investigation of the interaction forces, particularly electrostatic and adhesion, by providing a known surface potential at the AFM tip that could be controlled externally. Figure 6 and 7 present a total of 20 representative force curves for the uncharged (0 mV) and charged (+200 mV) PPy-HA surfaces, respectively, obtained from force maps taken in 5mM NaCl with a bias of -200 mV applied to the AFM tip. Force curves were selected either from the nodules ( Figure 6A and 7A) or from the peripheries of the nodules ( Figure 6B and 7B). For the uncharged surfaces, a repulsive interaction upon approach and no adhesion were observed on the nodules, whereas in contrast, an increased 'snap-in' or small-range attractive force upon approach and adhesion of ∼ 350 pN RMS were observed in the peripheries (Fig. 6A and B) . In particular, we show below that the observed repulsive interactions for both the nodules and their peripheries are due to electrostatic forces and suggest that the small range attractive forces occurring only on the peripheries contributes to the observed adhesion (Fig. 6B) . When the film was charged (+200 mV), small-range attractive forces upon approach and increased adhesion appeared on the nodules and remained on the nodule peripheries (Fig. 7) . The appearance of small-range attractive forces on the nodule areas again correlates with adhesion at these locations. Furthermore, the effect of charging on the surface potential in the KFPM images and above surface forces is clearly more pronounced at the nodule regions. Occasionally multiple, small-range attractive forces were observed on the charged films, indicating that some of these interactions were attributable to the tip penetrating the sample surface. Indeed, the observed low elastic modulus of these films makes them susceptible to penetration by the AFM tip, which may contribute to the adhesion.
The presence of these multiple 'snap-ins' however makes the analysis somewhat more difficult due to the fact that small-range attractive forces also arise due to the break-up of the double layer repulsion and subsequent effect of the attractive (van der Waals) force experienced by the tip in the proximity of the surface. The presence of increased attractive forces and decreased electrostatic repulsion on the nodules of charged surfaces compared to the uncharged can additionally result in increased adhesion. It is therefore possible to elucidate the fundamental surface forces that play a role in the nanoscale and molecular interactions at these polymer surfaces in liquid.
Individual force curves were fitted to DLVO models to assess the relative magnitude of the excess surface charges and potentials. In total eight force curves per sample were analysed, including fitting comparisons between force curves taken on the nodules and peripheries, for 
Conclusions
This work highlighted that the application of a relatively small potential bias of +200 mV to a PPy-HA film may have a large effect on the early attachment and spreading of hASCs. The majority of hASCs were uniformly adhered already at the three hour time-point on charged samples surfaces, however, cells seeded on non-charged PPy-HA surfaces were unevenly spread and many cells were not well adhered. The enhancement was significant with and without a preincubation period in cell culture medium containing plasma proteins. Pre-incubation alone had statistically equal significance in enhancing cell attachment. By using KPFM and AFM force mapping, it was possible to investigate the effects of charging on surface properties, including topography, modulus, surface potential and adhesion, with the intention of correlating these properties with the hASCs cell adhesion. As it turned out, charging did not have a significant effect on topography and only slightly increased the modulus but did significantly alter the surface potential and adhesion forces acting between the AFM tip and polymer. AFM force measurements with a negatively biased tip (-200 mV) showed that prior to charging of the PPy-HA films, short-range attractive forces and adhesion were restricted to the nodule peripheries but appeared on the nodules and uniformly across the film upon charging. The exact reason for such changes to occur only at the nodules is unclear, though these regions are known to be more highly doped and conductive. As expected, charging of the films increased the surface potential, as shown by both KPFM and DLVO analysis of the force curves, which had the effect of also decreasing the magnitude of the electrostatic repulsion between the tip and polymer. These changes in the interaction potential profile, namely the decreased repulsion and increased shortrange attraction and adhesion, give insight into the nature of the interaction forces that may play a role in promoting cell adhesion. Future work will concentrate on imaging the surface interactions of PPy-HA surface with AFM tip functionalized with plasma proteins and systematically adjusting salt concentration and pH to further investigate the double force electrostatics. 
